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HEAT TRANSFER TO FUEL SPRAYS INJECTED INTO HEATED GASES

By ROBERT F. SELDBNand ROBERT C. SPENmE

SUMMARY

i’1 8tudy hm been made of the &a$uenceof 8ez%r&ixzri-
abl~ on thepressure decreaseaccompanyinginjectim of a
relutieely cool liqki into a heated compressed gm. In-
directly, this premuredecreaseand the time rate of change
oj it are indicdtie oj t?u total heat tran#emed ax UZUm
oj the rate oj heui tra.nsjerbetweenthe gas and th injected
liquid. Air, nitrogen, and curbon dioxide were wed az
ambient ga.m; Dtiel fuel and benzene were the injected
li@d8. The gas demn”tia and gax~uel rati08 cowred
approtimdy the range wed in comp@8i.on4gnition en-
gines. Thega8temperaturesrangedjrom 160° C.to 360° C.

Sewal general wwLu&n8 may be &awn jrom the ex-
perimental result8: Vaporization begins immediately afier
the 8tart oj injection; the initial rate oj heat tramy%rti a
dwect junction of the initiul temperature difference be-
tween the gas and the juel; and the heat tra~jer i-s tis
e~cient tilt? greatm the in~ededjuel quantity, men though
the total hat tramjerred ix greater.

~TRODUCYIION

It is generally recognized that the compression-igui-
tion engine in its present state of development sufkrs
the disadvantage of inefficient utilization of its air
charge. Recognizing that the utilization of the ak
must be partly dependent upon the fuel spray, Lee has
conducted a detailed photographic investigation of the
exterior characteristics of fuel sprays (reference 1). He
~LnSalso determined the spatial distribution of the fuel
within the spray (reference 2). These spray investiga-
tions have been extended by tests with the N. A. C!.A.
combustion apparatus and the resultsgive an improved
insight into the gross physical and chemical processes
as they occur in the engine. (See references 3 and 4.)

The ignition lag in compression-ignition engines has
been shown to influence the character of the subsequent
esplosion (references 5 and 6). No entirely satisfactory
explanation of this fact has been given, but certain gen-
eral conclusions can be drawn: In general, the fuel must
be heated after injection; the fuel and the air must be
mixed; and certain preliminary chemical reactions must
take place before the actual ignition can occur. The
observed lag is thus a composite of the intervals associ-
ated with these processes. It follows that heating the
fuel prior to injection cannot reduce the ignition lag

indefinitely although some reduction may be accom-
plished in this manner (reference 7). Rothrock and
Waldron have shown that appreciable vaporization
follows injection of the fuel into the combustion appara-
tus (reference 8). The time required for this ~apori-
zation to begin was not established but, in view of
Wentzel’s theoretical analysis of the heating and vapor-
ization of fuel droplets suspended in a heated gas
(reference 9), there is every reason to believe that appre-
oiable vaporization ooours in a compression-iggtion
engine during the ignition-lag period.

The present investigation was undertaken to isolate
the heat transfer accompanying the mixing of a fuel
spray and the ambient gas in a bomb and to study the
iduence of several variables on this individual process.
The rwults of this irwegtigation should give an insight
into the time required to effect some vaporization since
this process necessarily corresponds to a portion of the
total heat transfer. Experimentally, heat transfer is
not directly measurable in a system of this type; there-
forq resort has been had to anindirect approach, namely,
the measurement of the change in pressure accompany-
ing the adiabatic exchrmge of heat between the gas and
fuel after injection of the fuel into a bomb. The pri-
maryvrwiablesmre the gas temperatun+the gas density,
and the gas-fuel ratio. The effects of the nozzle design,
the fuel temperature, the kind of fuel, and the character
of the ambient gas were 1sss intensively investigated.

Gas densities covering most of the range found in
engine practice were used. For meohtical reasons
temperatures corresponding to those attained in com-
pression-ignition engines at top center could not be used.
The maximum temperature employed was actually
somewhat less than that of the gas charge prevailing
at the start of injection (references 10 and 11) in com-
pres9ion-ignition engines.

ANALYSIS OF THE PROBLEM

The trans’ferof heat to a suspended droplet can take
place by two mechanisms: conduction and radiation.
Except imofar as their boundary conditions are altered,
the mass flow of gas, induced by the injection of the
liquid fuel, presumably is of little importance with re-
spect to the individual droplets because of their low
relative velocity (reference 12). The situation may be
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vastly different, however, for the spray considered as a
unit, particularly for injection into an engine having
induced air flow. Radiation to the surfaces of the
droplets takes place to some extent and, whereas the
actual magnitude of this exchange is uncertain, the
maximum rate for energy transferred in this manner
can be estimated for comparative purposes.

For conductive heat transfer there are two controlling
resistsmea: The iirst is within the droplet itself and
the second must be associated with the equivalent of a
film surround.@ the droplet. The first can be analyt-
ically treated but the second presents di.i3iculties.
Because of the net transferof molecules from the droplet
surface, the character of this fdm is not independent of
time, as is usually aswuned in theoretical treatmerits.
(See references 9, 13, 14, and 15.) In fuel sprays the
vapor iilms about the liquid droplets probably inter-
penetrate, thus necessitating some consideration of the
spray as a whole. Moreovex, the fuel is not uniformly
distributed within the spray. In vie-iv of these d.itli-
culties no attempt will be made to establish any mathe-
matical relations for the heat transfer through the h
encOmpa@g the droplet.

Heat transfer within a droplet.-ligersoll and Zobel
have published equations pertaining to the internal
heating of a rigid sphere suddenly inserted into a fluid
possessing a higher temperature (reference 16). These
equations may be moditied to give, respecthly, the
instantaneous center temperature t. and the average
temperature t=of the droplet:
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where t, is the temperature of the shell, 0 C.
tt, the initial droplet temperature, 0 C.
R, the radius of the shell, centimeters.
t, the immersion time, seconds.
h’, the thermal diiikivity of the liquid in the

droplet.
As applied to liquid droplets these relations do not

represent the effects of possible internal convection
currents.. These currents, if present, would increase
the rate of temperature rise as determined by these
relation9.

It follows from these relations that when 1? is con-
sidered constmt, the increase in both the center and
average temperature above the initial droplet tempera-
ture is a definih fkaction of the difference t,—ti;thus
tc-tf=a (t,—ti)and t=—ti=~ (t,—t,). The assumption
of a constant value of h2jindependent of temperature in
the range employed, appeam justiiied for the purpose of
qualitative comparisons in view of the uncertainty
involved in its estimation. An average value for the
range 49° C. to 350° C. can be estimated on the basis of
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the average values of the thermal conductivity (0.00027
calorie p& second per centimeter per degree-C-., refer-
ence 17), the densi@ (0.713 gram per cubic centimeter,
reference 18), and the specif3c heat (0.662 calorie per
gram per deuree C., reference 19). These values result
in hz=0.000z72 square centimeter per second.

Values of a and P are given in the following table
for several immemion intervals and droplet radii, the
largest radius corresponding to the initial average size
(reference 2<1). No actual values of droplet tempera-
tures are given inasmuch as there is no adequate basis
on which to estimate their surface temperature. In-
cidentally, the foregoing relations tacitly assume that
the surface temperature is instantaneously attained
and thereaft@ remains constant. This awmmptiondoes
not greatly invalidate the fact that the increase in the
temperature of the droplet, particularly the averoge
temperature ~ shown by the ~ values, attains a large
fraction of the possible increase in Q remarkably short
time. Moreover, the smaller the radius the more
quickly this fraction approaches unity. As u result of
evaporation, the surface temperature does not attain
so high a value as it would if all the heat reaching the
drop served to heat it. Even so, such evaporation
presumably does not alter the establishment of thermal
equilibri~ within the droplet and hence the a and /3
quantitie9stillhave significance.

HEATING RATES FOR IMMERSED SPHERES

\
Im&sion \
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ladiation from bomb wall.-some insight into the
?ossible contribution of radiation from the bomb wall
LOthe totaI heat transfer follows from a consideration
>f the maximum rate of radiation. If the very ques-
;ionabJe asmmption is made that the droplets are
h-ue black bodies suspended in a space filled with
51ack-body radiation, the net energy transferred in
;aloriesper second is given by:

‘=137x10wJ’-(a’l
~reference21) where

S’ is the surface area of the drop.
Tl, the bomb-wall temperature, degrees
T*, the droplet temperature, degrees K,
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The extent to which the droplets are not black bodies
introduces a factor that reduces this rate. The exist-
ence of black-body radiation within the bomb is actually
the case prior to injection, but thereafter the radiation
within the spray envelope undoubtedly corresponds
to a lower temperature than that of the bomb walls.
This fact again entails a diminution in the rate indicated
by the equation. The area 8 maybe taken as equiva-
lent to that of the number of droplets of average size
(reference 20) required for a spray of given weight.

For comparison with the observed rate of heat
transfer, expressed in this case in terms of rate of pres-
sure drop, the calculated rate of radiant transfer must
be expressed in identical units. Although not indica-
tive of the actual mechanism, this rate can be put in
tams of the units in which the expetiental data are
e.sprcssed by considering all the radiant energy as
being derived from the ambient gas.

Basic consideration of experimental method.-The
observed decrease in pressure accompanied the decrease
in temperature of the ambient gas caused by the flow of
heat from it to the injected liquid. This process was
essentially adiabatic in view of the small rate of heat
transfer from the bomb wall. Cragoe’s empirical
relations (reference 17) for the spechic and vaporization
heats of oils permit the calculation of the prewue
decrease that should accompany the complete vaporiza-
tion of a given amount of fuel when all the heat is ab-
stracted from the gas phase. When the total heat
absorbed by the fuel in vaporizing is equated to that
lost by the ambient gas, these relations lead to an
expression that can be solved by trial and error to give
the final equilibrium temperature:

t,=
NC.t,–4Mw

l?c,’+o.333w+o.000444wt*

where N is the molw of ambient gaa.
C,, the mohd specific heat of this gas, taken as

constant between tfand tt.
tt, the initial gas temperature, “C.
w, the weight of injected fuel, grams.

It follows at once that the temperature drop (ti–tJ)
should remain constant for a given initial temperature
and ins-fuel ratio, i. e., csaentially Nlw. The cor-
rcspo&ling diminutions i& the par&1
gas are calctiable from the expression

~,_ ~l_ P,(T,– TJ—
T,

pressure of the

in which Pi is the initial prcsure, atmospheres.
P,, the final pressure, atmospheres.
Ti, the initial absolute gas temperature, de-

gree9 K.
T,, the final eq@ibrium gas temperature,

degrees K.

I’bis expression is strictly applicable only to the initial
]tage of the heat-tmmsfer process when little vapor
3xists. Later in the process, however, these diminut-
ions shotid be greater than we experimentally derived
maximum valuw to the extent of the partial pressure9
]f the vapor, these latter being directly proportional
to the initial pressure for a given initial temperature
md gas-fuel ratio. Thus the calculated actual drop to
be expected under these stipulated conditions is in
~ccordance with

F/m m. Y

where C is a correction factor necessitated by the pres-
3n& of the fuel vapor. This factor is equal to the
partial pressure of the vapor of the injected liquid di-
vided by the initial gas pressure. The partial pressure
was obtained from the perfect gas law and the known
bomb volume, gas temperature, fuel weight for the par-
ticular gas-fuel ratio, and an estimated average molec-
ular weight of 200 (reference 22). It follows horn this
exprcwsionthat the pressure drop should be directly
proportional to the initial pressure if the fuel derived
d its heat horn the gas phase under the assumed condi-
tions of constant initial temperature and air-fuel ratio.

Some conception of the rate of heat trwfer can also
be obtained from the experimental results, particularly
for the early part of the process in which the number of
molesof gas is ca.ientidy invariant. It follows from the
prfect gas law that the rate of pressure change is
related to the rate of temperature change by

wherein R is the gas constant.
V, the volume of the bomb.

Also, the rate of change in the energy content of the
gas phase must equal the rate of heat transfer, thus:

If minor variations in ‘C, and N are neglected, it follows
that the rate of heat transfer is proportional to the
rate of pressure decrease. For the practical purpose of
showing the trends in the present data it is sticient to
use these rates interchangeably as though they were
mmonvmous..?.

The expression —— —~–~ $’ can also be used to com-

pare the relative rates of temperature drop in diflerent
gases when the corresponding rat= of pressure change
are lmown for a given initial gas temperature, density,
and gas-fuel ratio. The initial pressure under such
conditions is very nearly proportional to N, hence the
ratio of the initial rate of pressure drop to the initial
pressure is proportional to the initial rate of tempera-
ture drop irrespective of the nature of the gas.
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APPARATUS AND METHOD

The experimental method employed in this investi-
gation consisted in photographically recording with a
suitable indicator the decrease in pressurefollowing the
injection of a deiinite quantity of liquid into a spherical
bomb containing a gas at a known temperature and
pres-wre. With the exception of a few minor modMca-
tions t~ apparatus was essentially as described in
reference 23. The present arrangement is shown dia-
grammatidy in figure 1. The essential parts were a
bomb, a constanbtemperature bath, a fuel-injection sys-
tem, and an optical-type differential-pressureindicator.
The stainless-steelbomb has a volume of 600 cubic centi-

of 0.050 inch (@. 2). The fuel weights were vnried by
changing the injection pressures; the latter varied
horn about 194 to 600 atmospheres (2,850 to 9,000
pounds per square inch) for each nozzle. The requisite
injection pressure for a given fuel quantity was deter-
mined just prior to a seriesof tests at emchtemperature.
The injection period ranged between 0.002 and 0.006
second, depending upon the injection pressure used.

The high-prwsure indicator employed in earlier work
(referencw 6, 11, and 23) was altered to record small
pressure differences by substituting a thin corrugated
phosphor-bronze diaphragm for the heavy steel din-
phragm and by providing a gas connection between the
sealed chamber above the diaphragm and the bomb

——
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meters and is provided with openings for the injection
valve, the gasirdet and exhaustfittings,and theindicator.

The liquids used in the constant-temperature bath
were S. A. E. 30 lubricating oil for the low tempera-
tures and an approximately 1:1 mixture” of sodium
and potadnn nitrates for the high temperatunx.
The bath temperature was kept within & 2° C. of the
desired vrdue by wn automatic control.

The injection system delivered a single fuel charge
of the desired weight upon the relmse of a trip mech-
anism. The injection valve was so constructed that
fuel could be continuously circulated through it,
thereby maintaining a constant fuel temperature of
49° & 1.6°C. Three nozzles were used, all having
equivalent orifice areas: A 13-orifice, a 2-impinging-
jets, and a single+milicenozzle with an oriiice diameter

H’, mststanca famps.
l’, s@k cdl.

J’, spark @p.
K’, qrdok-ac$lng dVM.

L’, ~k-timing awitoh,
~/, *.

N’, synobronow motor.
O’, thonnomoter.
P’,voltageml a.0.
Q’, voltage230d. o.

proper. The same initial pressure was applied to both
sides of the diaphmgm but, just before injection, n
valve inserted in this connection was closed. This
procedure permitted the subsequent pressure difference
to actuate the indicator and thus to generate a trace of
the pressure-difkrence variation with time on the film.
This valve was opened again immediately aftor injection
in order to minimize the interval within which the dia-
phragm remained deflected. A spark, recorded as a
vertical line on certain ‘records, marked the stnrt of
injection. This spark and injection start were syn-
chronized by observing the spray with a neon-tube
stroboscope actuated by the switching device on the
injection system that ordinarily controlled the spark.
The film drum was driven by a synchronous motor to
provide the time scale.
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Air, nitrogen, and carbon dioxide were wed as
nmbient gases; nitrogen was substituted for air in the

.0/8- Dia’orifice
.$iecfionAOB’
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tests at the higher temper&res beause air permittec
auto-ignition of the fuel oil at 230° C. with certain gas.
fuel ratios. A few tests were made with carbon dioxid[
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ause its physical characteristics were considerably
erent from the other two gases. The gas densities
respond to 5, 10, 15, and in some tests 20 atmos-
res absolute at 100° C. Ml gases were considered
)e ideal when computing the pressurescorresponding
ihe several dendiea and temperatures. The initial
temperatures ranged from 150° to 3500 C.
X&rent liquids were injected: An automotive
sel fuel (Auto Diesel) was investigated most
wsively because of its practical importance; ben-
e, because its critical temperature was within the
ilable temperature range; and water, because of its
~eheat of vaporization. The water tests were not
y extensive and, aa they failed to show any intered-
dkimilarities, these data have been omitted. The
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FIGDEE 3.—The A. S. T. M. dfstfUatIonmum far Auto DIewl fuel,

eselfuel had a viscosity of 70 and 52 Saybolt seconds
iversal at 38° and 99° C. (100° and 210° l?.), rcspec-
ely, and a density of 0.831 gram per cubic centimeter
15° C. Its A. S. T. M. distillation curve is given in
ure 3.

RESULTS

L’he data derived from the experimental records
Teaponding to the injection of Diesel fuel are pre-
kOdin table I. Typical records for an intermediate
J quantity (0.284 gram) and gas densities of 4.73
d 14.19 grams per liter are reproduced in iigure 4.
le effect of the nozzle design on the heat transfer to
e spray, all other controllable variables being con-
mt, is illustrated by representative records in figure 5.
Results obtained when Diesel fuel was repeakdly
iected into a single, individual gas charge are pre-
lted in table II. Figure 6 comprises the corre-
cmdingrecords, taken with a gas temperature of 250°

It is to be noted that these records do not corre-
ond to consecutive injections.
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The results obtained with benzene are presented in start of injection cmrwponds, with one exception, to
table III and @ure 7. These tests were limited to the the verifical line appearing on some of the records and
smaller weights because of the greater pressure changes is coincident with the A points; i. e., the decrease in
per unit weigghtof liquid. the gas pressure began immediately after the first part

An inspection of the experimental records reveak of the fuel chmge entered the bomb. The one excep-
tmo time intarvals more or less clearly defined on all the tion (reeord 295, fig. 5) was due to improper synchro-

“a)
0 .0$ .03

TfME. SECOND
,OB

(a) GM daudty, 4.i3 _ w litaq ~fnel r&tfO,10.

FIGUREL—varf8thnofprtsmm dropwfthEM tmwmnimm DiA fad; fuel wefghh 0.2S4 P.

pressure-time curve. Three characterktic points are
designated on all the records reproduced: A, the point
at which the pressure drop begins; B, the end of the
initial pressure drop for which the rata was essentially
constant; and C, the minimum pressure point. The

nization of the injection start and the timing sprwk,
The A–B interval and the pressuredrop associated with
it are indicative of procwaes occurring immediately
after the injection starts. This intervfil is thereforo
of primary intere5twith rwpect to compression-ignition
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engines. The whole A–C intirval, on the contrary, is partial premure of the vaporized fuel. Records repre-
of no immediate interest in this respect and corre- senting this condition were not obtained as the rela-
sponds to the period within whiehheat isbeing abstracted tively low rate of heat transfer from tie bomb ~~
from the gas phase at a rate grenter than the rate of would have necessitated an extended deflection neriod
transfer from the bomb wall. The A–C interwi k- I for the diaphragm
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i.ntluenced so little by most of the available variables
that no theoretical basis for its approximate constancy
is at present evident. Eventually, upon reestablishing
thermal equilibrium, the pressure should increase
beyond its initial value to an extent represented by the

Spray photographs shown in figure 8 illustrate the
reamer in which sprays from the 13-orifice and the
2-impinging-jets nozzles penetrab air at room tem-
perature and a density of 14.19 grams per liter for an
intermediate injection pressure.



98 REPORT NO. 580 —NATIOIfAL ADVISORY CO~EE FOR AERONAUTICS ,

PRECISIONOF RESULTS

The reproducibility of the experimental results
depended upon the nonvariation of the fuel quantity
and the indicntor calibration. The m&rnum devia-
tions in the observed data for apparently identical
conditions amounted to roughly +-5 percent of the
rmernge vnlues. The variation in fuel weights, for
apparently identicnl injection pressures, was approxi-
mately the same for tdlweights and amounted to about
+3.5 ‘percent of the actual-weight for the lower injec-
tion pressuresor to +1 percent for the higher.

—

weight, prevented the use of the larger fuel weights.
The objectionable feature of the shift arose from the
fact that a given deflection before and after a particular
test did not correspond to equkdent pressures. A
possible error of perhaps &5 percent may arise in this
way; at 350° C. the error is undoubtedly greatar.

When the data from the records were evaluated, some
personal error was introduced, particularly for the
A–B portion of the curve wherein the interval is more or
less nrbitrary and the distances on the record are often
too small to be accurately measured. The magnitude
of this uncertainty is shown in figure 9, for which the

b -0’2 .Oi .0k .Ob

TIME, SECOtiD

FIQCEES.-EffW of node dodgn on presnro drop. DfeseI fn@ fnel wdgh~ 0.234 gram; &fuel mtfo, 3%gas density, 14-19grams per fitoc w temperature, m“ 0.

At temperatures of 250° C. and above, the indicator
showed a decided tendency to change its zero point as
a result of creeping of the diaphragm, particularly
during calibration when the deflection period was
relatively great. The extent of this shift incrensed
with the nmount of deflection, the time of deflection,
and the temperature. The deflection interval was
diminkhed as much as possible during calibrations by
rLquick application and release of the gas pressure.
The zero point immediately after deflection wns taken
M the proper basis for calibration in spite of its tend-
ency in many crises to drift back toward its original
position. At 350° C. this restoration was less evident
and the shift assumed serious proportions. This fact,
together with the increased deflection per unit fuel

data were taken by two observers horn the samerecords.
The individual deviations arerather great, but the mean
curves seem to fit either set of data equally well. At
150° C. the records were so flat in the neighborhood of
the minimum point that C was taken as the center of
the flat portion of the curve. For the lnrger deflections
the trace near the minimum point contained a wave of
relatively low frequency. An average of the axnpli-
tudea of the first cycle was applied ns a negative cor-
rection to compensate for this wave.

One other point of incidental interest is the change
in fuel temperature as a result of the injection process.
The passnge of the fuel through the nozzle would ordin-
arily result in a d decrease in temperature on the
basis of the Joule-Thomson effect (reference 24), maum-
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ing the coefficient to be positive as for certain other and vaporization. Lee has shown (reference 20) that
hydrocarbons (reference 25). Qualitative experience the degree of subdivision attainable with a hydraulic
indicates, however, that the net effect is a temperature injection system under operating conditions approaches
increase due to friction in the orifice and the conversion a practical limit. For the practical range of gas densi-
of the kinetic energy of the spray into heat. The ties and injection pressures, however, it is impossible
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change is believed to be too small to be of any interest
in the interpretation of the present results and will
therefore be ignored.

DISCUSSION

On the basis of diffusion and hea~transfer concepts
the size of a droplet must influence its rate of heat@

to vary the distribution of droplet sizes without at the
same time varying the rate of spray penetration. This
concomitant variation prevents the isolation of any
effect that can be associated solely with the distribution
of droplet sizes. In the subsequent discussion it k
well to bear in mind that the same condition should be
true of certain other quantitiw that may represent an
aggregation of variables.
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THE A-E INTERVAL

The A-B intervals correspond to the early part of the
spray development for which the rate of heat transfer
is essentially constant for a particular record. It is
possible that this constancy is in some way associated
w’ith the approximately constant initial rate of spray-
tip penetration (references 1 and 26). The magqtude
of this interval is comparable with the ignition lag in
compression-ignition engines. For this reason any con-
clusions based upon this interval are also applicable to
such engines, provided that proper allowances are
made for differences in chamber size and air tempera-
ture. The photographs shown in iigure 8, together
with more extensive penetration data (reference 1),
show that this interval is essentially equivalent to the
time (0.002 to 0.003 second) required by the sprays to

influenced by the temperature gradient between the
gas and the fuel at two gas densities and several fuel
weights is illustrated in figure 9. These initial slopes
become more negative, i. e., the initial rate of heut
transfer increases, as either the temperature d.iilerence
or the fuel weight increases. Increasing the gas densiw
decreases the numerical magnitude of the slope for a
given fuel quantity but does not greatly alter the tem-
perature dependence of the initial rate of pressure drop
of the pressure-time curve: corresponding lines in figmre
9 have roughly the same slope.

The increased densi~ evidently decreases the effec-
tive transfer area in the early part of the spray as might
be expected from the slower rate of spray development
shown by the photographs reproduced in reference 1.
The decrense cannot be attributed to a lower rate of

FIQUEE 9.-Effect of gas tamrmafnre on InItkd mte of Presnro drop at Wmrent gefnal M&.

traverae a distance of 4 inches, the approximate diam-
eter of the bomb.

This association of the moment of impingement with
point B is supported by the fact that the interval de-
creases as the gas densi@ decreases, i. e., as the pene-
tration increases (See table I, column 7.) On the
contrary, the interval is not appreciably shorter for the
single-oriiice nozzle in spite of the greater penetration
to be expected with it. The period is about the same
for carbon dio~<de as for nitrogen in contradistinction
to the longer A–C interval with carbon dioxide. In-
creasing the fuel quantity increases the injection period
by rLmaximum factor of 3, yet the interval remains
essentially the s~e. The interval also proved to be
independent of the fuel used.

Initial rate of heat transfer,-The maggtude of the
initial rate of pressure drop, as shown by the particular
pressure-time curve, is representative of the total rate of
heat exchange between the gas and the fuel for the early
part of the spray. The mamerinwhich this initirdrateis

heat transfer per unit area because the coefficient of
heat conductivity should be nearly independent of
density and the coefficient of heat transfer might be
expected .to increase with gas densitq- (reference 27).
Carbon dioxide gave rise to a greater rate of temperature
drop than did nitrogen, even though its rate of pressure
drop was smaller. This fact may be demonstrated by
dividing the values of the initial slope in column 9 of
tables I and III by their respective initial pressures, as
outlined earlier in this paper. As the specific heats of
nitrogen and carbon dioxide do not difter ~~eatly on a
weight basis, carbon dioxide must have given a greater
initial rate of heat transfer. Since carbon dioxide has
a lower coefficient of heat conductivity, it must give a
greater effective hem%mnsfer area. The slope9 for
benzene (table III) are slightly greater than for Diesel
fuel (table I) owing perhap; to a combination of the

. di.ilerencesin the properties (molecular weight, speciiic
I heit, heat of vaporization, etc.) of the two fuels.
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For the lowest density the impinging-jets nozzle gave
a heat-transfer rate similar ta the 13-ori&e nozzle but
at the highest density its rate was substantially less.
The single+riiice nozzle gave a smaller rate at all den-
sities.. The maximum cylinder pressuresobtained with
similarnozzles and the N. A. C. A. combustion apparatus
show the same trends, indicating that better initial
mixing of fuel and air, together with the resulting
improvement in heat transfer, occum with the high-
dispemion nozzles (reference 3). No information rele-
vant to the effect of vapor concentration on the ignition
lag can be obtained from such an engine study, presum-
ably because all nozzles giving at least moderate fuel
dispersion permit the optimum a&vapor mixture
somewhere within the spray and thus give approxi-
mately the same ignition lag.

The contribution of radiation to the total hea&trans-
fer rate can be shown to be negligible on the basis of
the treatment given in an earlier section, II record
418 is considered to be typical of the others, the rate of
pressuredrop equivalent to the maximum rate of radia-
tion that could occur is only 1 percent of the observed
rate. It appem that radiation contributes little
tmvard heating the fuel injected into an engine except
for the possibility of unvaporized fuel becoming sur-
rounded by a cloud of radiating combustion products.
Even in this case, the conductive heat exchange can
be shown to predominate if its rate per degree tempma-
ture difference remained constant and independent of
the gas temperature to the extent indicated by the
data in column 10 of table I.

Effect of temperature on initial heat transfer,—
Straight Lnes seem to agree with the data plotted in
figure 9 within the limits of the uncertainty involved
and, moreover, such lines are in agreement vvith a rate
of heat transfer directly proportional to the temperature
di.flerence. The fact that the lines are straight indicates
that the gas temperaturehas little influence on spray
development within the range employed (reference 28),
measured in this case by the effective area available
for heat transfer. This area appears b be constant
for a given density and fuel weight; otherwise a com-
pensating chawge in the hea&tmmsfer coeftiqent must
be assumed. There is no indication that the slopes of
the lines of figure 9, and hence the corresponding
heat-tiansfer coefficients, will assume diflerent values
at the higher temperatnr~ attained in an engine.
The extrapolation, however, is @o great to be of more
than qualitative interest. The mass flow of gas in-
herent in an engine (reference 4) would lead to greater
effective transfer areas and thus increase the apparent
rate of pressure decrease indicated in this figure.

The ratios of the initial slope values given in column
9 of tables I and III to @e respective products of fuel
w@ght and initial fuel-gas temperature difference give
a fundamental basis for comparing the relative eflicacy.
of the heat transfer in all cases for a given ambient
gas. It follows from such ratios that the rate of heat

transfer varies directly with the initial temperature
d.iiference,as stated earlier in connection with figure 9,
Increasing the might of Diesel fuel leads to considerable
decrease in these values but with benzene the tendency
is not so evident. This difference indicates that the
effective heat-imnsfer area is more nmrly proportional
to the fuel we.i@t for benzene than for Diesel fuel.
Again, as with the initial slopes, these ratios are some-
what greater for benzene, but it is not known whether
this situation arises from a greater heat requirement
or from better spatial distribution of the spray. The
latter seems most probable in view of the effect of
fuel viscosity on the distribution of fuel within the
spray (references 2 and 29).

Fuel vaporization,-’l?he records reproduced in figure
6 show that some evaporation of the fuel occurs during
the A–B interval. If all the heat transferred served
merely to heat the liquid fuel, it is evident that the
initial rate of heat transfer should not decrease M it
does in thwe records. As more and more fuel is
.mjected into the same gas charge, thermal equilibrium
being reestablished before each injection, such a condi-
tion is approximated as the partial pressure of the vapor
and the saturation pressure of the liquid approach one
another. Certainly the relatively small molecular
concentrations of vapor that produce the diminutions in
initial heahtrarwfer rate evident even ofter a single
injection can only be effective in the observed manner
by retarding the evaporation of the fuel. These
records show that the heat transferred to the vapor or
to the fuel in effecting vaporization represents an
appreciable part of the total heat transferred to an
dinary spray duri~~ the A–B interval. Rothrock and
Waldron (reference 8) have presented conclusive evi-
dence that considerable vaporization does occur in a
high-speed engine but the rate, of course, is indeter-
minate as in the present case. The speed of the engine
proved to be influential,. presumably for two reasons:
Ii&rences in mechanical mising of the spray with the
iir and certain changes in the thermal boundary
xmditions of the spray. I’holographs in reference 30
]f sprays injected into cold and heated air show a
iistinct decrease in the spray penetration with the hot
iir. It is quite probable that vaporization of the fuel
tithin the spray envelope contributed to this decrense
n addition to the changes in fuel temperature and air
ticosi@, vvhich were cited in explanation of this
)henomenon.

THEA-C INTERVAL

Effectiveness of heat transfer.—Even though the
3–C portion of tbe A–C interval has no particular
xmnection with engine operation, it does present some
nformation of interest on the effectiveness of the heat
mmsfer. This effectiveness is shown most readily by
~omparingtith the actual pressure drop the calculated
m.asure drop that should take place if all the fuel had
Taporized. The nemer the experimental value ap-
proachesthe calculated value the grerd.erthe effective-
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ness of the transfer. Calculated and observed pressure
changes are plotted against the initial nitrogen (or air)
pressure in figure 10 for several temperatures amd a
gas-fuel ratio of 20.

The disagreement between the calculated and ob-
served pressure drops is very striking and is much too
great to be associated with heat transferred tiom the
bomb wall to the gas phase during the A-C interval,
as evidenced by the slow rate of pressure rise after
point C. A probable explanation is that a good tiaction
of the fuel shuck the wd, deriving most of its heat
therefrom. This assumption is supported by earlier
observations that a definite pattern of the sprays could
be seen on the bomb wall after certoin explosion tests
(reference 23) and particularly by the photographs in
figure 8. At lower gas densities or with the single-
orifice nozzle, the penetration should be greater (refer-
ence 1) and the time required to traverse the bomb
somewhat shorter. In any case the sprays struck the
bomb wall long before minimum preasme was attained.

In view of the discrepancy between the calculated
and observed pressure changes it is rather surprising
that the experimental pressure drops are directly pro-
portional to the hiitial pressure. There is no particular
reason for believing that the vapor left the wall in
temperature equilibrium with it; i. e., that this vapor
could abstract Iittle or no heat horn the gas phase,
unless perhaps the mass motion of the gas was too slow
to effect the removal of the vapor born the immediate
neighborhood of the wall in the interval examined.

The ratio of observed to calculated pressure drop is
indicative of the fraction of the total heat contributed
by the gas phase. It follows from figure 10 that above
260° C. the fraction of the total heat contributed by the
waIIs became relatively constant at all temperatures
for a given density and a gas-fuel ratio of 20, indicating
that a constant tiaction of the fuel charge struck the
wall at temperatures above 250° C., the gas densib
being almost noni.niiuential.

The total pressure drop subsequent to injection
increases with initial temperature, fuel quantity, and
to some extent with initial density, although in the
higher range this latter change is not very evident.
There is also a slight decr~e in this drop (table I,
section 7) with a moderate increase in fuel temperature,
showbg that in this case less total heat is transferred
ta the portion of the fuel charge that normaUy absorbs
heat from the gas phase. With carbon dioxide as the
ambient gas, the drop is less than that for nitrogen,
but a consideration of the relative initial pressures
shows that the corresponding temperature drops are of
the same magnitude. This similarity might be ex-
pected because the spray development is about the
same for a given density irrespective of the nature of
the gas (reference 28) and, on a weight basis, the specific
heat of carbon dioside is not greatly different horn that
of nitrogen in this temperature range. I?or a given
fuel weight benzene gives a greater drop than does the

liesel fueIj presumably owing to the greater heat
‘equired for vaporization. This presumption assumes
ihat the same fraction of the fuel (benzene or Diesel fuel)
‘Ms to strike the wall under identical circumstances.
rhe benzene tests also indicate that the surface tem-
perature of the drops is well below the ambientigas
~mperature; although the gas temperatures employed
vere near to or above the critical temperature of
)enzene, the fact that the A-C interval was about the
lame for benzene as for Diesel fuel indicates a droplet
amperature much below the critical poirt.

Time to attain minimum pressure.-Small variations
)f the A–C interval are evident but, because of possible
wrors, these variations may not be real. In any cage
;he variations cannot be associated with any primary
mriable. The interval is greatest for carbon dioxide,
ntermediate for air, and least for nitrogen; it increases
tith the fuel quanti~ for the lower but not for the

InifiolDressure. *k-es ubsolufe

g
.,.

I I I I I + q ,x

$-1.6—
‘~ O&served va/ues ~> $~o
———calculofed VU/U&3

k 1111 I
<L50

-2.0

FIamm 10.–0ompriea of mltitiM&&~ prfsma drqm at VdOIM

higher weights; and there appeam to be a slight in-
crease with gas density. & the total pressure drop
increases with an increase in the fuel weight and to
some extent with an increase in gas densi@, it is con-
ceivable that the latter trends arise from an ‘(over-
shooting’) of the true decrease in piemure because of
the increased amplitude of the wave evident after
point C. The records for benzene, however, faiI to
show such trends.

In view of the wide variation of the fraction of the
fuel that strikes the bomb wall with viny@ fuel
weights and given gas density, the minimum point
cannot be logically associated with the moment of com-
plete evaporation of the fuel on the wall. This con-
tention is further substantiated by the failure of
benzene to give a shorter intervaI; its greater volatility
should enable it to evaporate more rapidly from the
bomb surface. It has previously been shown that non-
unifom”ty of the gas-vapor mixture exists for at least
0.06 second after injection (reference 23). An attempt
was made to mix the charge with a 4-blade fan driven
at 7,000 r. p. m. but, as the A–C interval corresponded
to only two revolutions of the fan, it is not surprising
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that the interval was unaltered. Since the rates of
heat transfer horn the wall and to the fuel are equal at
C, it would seem that the interval should depend upon
the nonuniformity of the mixture, which in turn should
be dependent upon the injected fuel weight and the gas
density. Actually, the interval is practically independ-
ent of both variables.

CONCLUSIONS

1. The injection of liquid fuel into a heated and com-
@essed gas has ftihed data on the initial rate of
heat exch~nge between the ambient gas and the fuel.
The actual rates of vaporization were indeterminate,
but it is shown that vaporization began immediately
after injection started. The same situation must also
be true for engines.

2. For given experimental conditions, the initial rate
of heat transfer w= essentially constant during the
time required for the spray b traverse the bomb.
This initial rate was found to be proportional to the
initialtemperaturedifferencebetween thefuel and thegas
The total heat transferred in engines must be greater
owing to the greater initial temperature difference.

3. The initial bent-transfer period was approximately
constant (0.0020+0.0005 second) for the 13-ori&e, 2-
impinging-jets, and single-oriiice nozzles tested and
also for benzene rmd Diesel fuel, which have quite
difFerentvolatilities and viscosities.

4. At the temperatures investigated the transfer of
herd by radiation was negligible as compared with that
transferred by conduction. This situation must rdso
exist in an engine until the start of flame combustion.

5. The e5cacy with which heat transfer took place
decreased considerably with increas@g fuel quantity
at rdl densities and temperatures investigated.

6. Under rdl conditions a good fraction of the total
heat absorbed after the spray had traversed the bomb
must have occurred at the bomb wall.

LANGLEY hlE~ORM AERONAUTIC LABORATORY,
NATIONAL ADVISORY COMMI~E FOR AERONAUTICS,

LANGLEY l?IELD, VA., Augwt 26, 1936.
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TABLE I—Continued
PRESSURE CHANGE ASSOCIATED WITH HEAT TRANSFER TO DIESEL FUEL
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TABLE II

EFFECT OF FUEL VAPOR ON PRESSURE CHANGE FOR DIESEL FUEL
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PRESSURE CHANGE ASSOCIATED WITH HEAT TRANSFER TO BENZENE
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